Objectives-Sodium butyrate, an inhibitor of histone deacetylase, has several therapeutic actions, including anti-inflammation. These actions depend on the concentration of sodium butyrate. In addition, lower concentrations have shown no effect on inflammation. Sonoporation by ultrasound can modify the permeability of the cell plasma membrane. Thus, the effects of sodium butyrate may be enhanced by the ultrasonic acoustics. Therefore, the facilitative effects of low-intensity ultrasound on histone acetylation and interleukin 6 (IL-6) regulation by sodium butyrate were investigated in this study.
H istone deacetylases (HDACs) have been intensively scrutinized and mechanistically linked to several diseases. Smallmolecule HDAC inhibitors have the capacity to interfere with HDAC activity and can achieve substantial biological effects in pathologic preclinical models, such as cancer. 1 Butyrate, a short-chain fatty acid, is one of the end products of anaerobic bacterial fermentation of indigestible carbohydrates in the colon and possesses strong anti-inflammatory effects via histone acetylation as a small-molecule HDAC inhibitor. 2 In addition, butyrate has a stronger antifibrogenic effect than propionate in human dermal fibroblasts. 3 Therefore, butyrate is anticipated to be used for treatments of various types of organ disorders. Meanwhile, butyrate exerts these effects in dependence of the concentration and shows weak or no effects at a low concentration such as 1 mmol/L. 3, 4 Hence, the application of a high concentration is required to exert the effects; however, it is difficult to keep a high concentration in blood under in vivo conditions, 5 and the necessity of a high concentration is not ideal for development of ointments. Therefore, an adjunctive strategy to promote butyrate effects is needed. Since the biological effect of an HDAC inhibitor is indicated by the direct action of HDAC in the nuclei, followed by enhanced histone acetylation, 1 acceleration during membrane permeation may enhance the action of an HDAC inhibitor such as butyrate.
Sonoporation mediates delivery of drugs into tissues and cells. 6 High-intensity ultrasound has been actively used to enhance cell membrane permeability, allowing for the transfer of macromolecules such as plasmid DNA. This effect is commonly caused by acoustic cavitation, which results in the induction of transient holes in the cell membrane. [6] [7] [8] However, high-intensity ultrasound has side effects such as cell lysis 9, 10 and apoptosis. 11 Therefore, low-intensity ultrasound is more clinically desirable than high-intensity ultrasound. Lowintensity ultrasound irradiation has been reported to enhance gene transfection by using a membranepermeable plasmid treated with calcium phosphate coprecipitates. 12 Therefore, low-intensity ultrasound could potentially enhance the effect of butyrate by a similar mechanism. In this study, we investigated the effect of low-intensity ultrasound on histone acetylation and interleukin 6 (IL-6) inhibition as an anti-inflammatory effect in dermal fibroblasts treated with a low concentration of butyrate.
Materials and Methods

Cell Culture
Human dermal fibroblasts (CC-2511; Clonetics, San Diego, CA) were grown at 378C in an atmosphere containing 5% carbon dioxide in tissue culture dishes (Iwaki, Tokyo, Japan) with Dulbecco's modified Eagle's medium (Wako, Osaka, Japan) supplemented with 10% fetal bovine serum (Nichirei, Tokyo, Japan), penicillin (50 U/mL), and streptomycin (50 lg/mL; MP Biomedicals, Illkirch, France). Cells at passages 5 to 8 were used for experimentation. The cells were plated in 60-mm tissue culture dishes (Iwaki) at a subconfluent density, and the culture medium was replaced with fresh medium containing 1-mmol/L sodium butyrate (SigmaAldrich, St Louis, MO) 24 hours after cell plating. Cells were irradiated with low-intensity ultrasound for 20 minutes just after administration of sodium butyrate. After 3 hours of sodium butyrate treatment, fibroblasts were processed, and protein was isolated with ProPrep (iNtRON, Gyeonggi-do, Korea). To evaluate antiinflammatory effects, fibroblasts were stimulated by 1.0-lg/mL lipopolysaccharide (LPS) from Pseudomonas aeruginosa for 1 hour after treatment with butyrate and subsequently processed for total RNA isolation with TRIzol (Invitrogen, Carlsbad, CA). Trypan blue staining was performed to distinguish live cells from dead cells for calculating cell viability.
Ultrasound Irradiation
Coupling gel was dropped on an ultrasound-absorptive rubber plate, and tissue culture dishes were placed on the gel such that the space between the dish bottom and the rubber plate was filled with the gel. The ultrasound transducer and the dish cover were sterilized with 75% alcohol and ultraviolet light, and the transducer head was inserted into the culture medium through a hole in the dish cover. Three-megahertz ultrasound irradiation at 0.1 W/cm 2 (spatial-average temporal-peak intensity) was used in a 20% pulsed or continuous mode. The beam nonuniformity ratio and effective radiating area were 3.2 and 6.0, respectively in the ultrasound device (US750; Ito, Tokyo, Japan) used in this study.
Measurement of the Culture Medium Temperature
The culture medium temperature was measured with a thermometer (BWT-100; Bio Research Center, Nagoya, Japan). A sensor sterilized by 75% alcohol and ultraviolet light was inserted into the culture medium just before and after the ultrasound irradiation period. Ultrasound irradiation was begun just after replacing the culture medium, since the culture medium temperature could immediately decrease.
Quantitative Real-time Polymerase Chain Reaction Analysis
The RNA concentration and purity were determined at absorbance rates of 260 and 280 nm, respectively. Firststrand complementary DNAs were synthesized from isolated RNAs with the First-Strand complementary DNA synthesis system for reverse transcription polymerase chain reaction (PCR; Invitrogen). Complementary DNAs were used for subsequent quantitative real-time PCR analysis using SYBR Premix Ex Taq II (Takara Bio, Otsu, Japan) with the primers listed in Table 1 . The PCRs were run on an iCycler IQ device (Bio-Rad, Hercules, CA) for 40 cycles at 958C for 30 seconds, at an annealing temperature (Table 1) for 30 seconds, and at 728C for 30 seconds. Interleukin 6 quantities were corrected for amplification of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). For each sample, the threshold cycle was calculated based on the cycle at which the fluorescence increased above a threshold level. D threshold cycle values were calculated for every sample for IL-6 genes as follows: threshold cycle (IL-6 gene) -threshold cycle (internal control gene); GAPDH was used as the internal control gene. The relative expression level for the IL-6 gene was calculated by subtraction of the D threshold cycle of one control sample from that of each treated sample. Finally, the relative expression value, normalized to an endogenous reference analysis of post-PCR melting curves, was obtained, and the specificities of single-target amplification were confirmed.
Western Blotting
A 5-lL volume of the extracted protein was used to measure the protein concentration by the Lowry method (RC DC protein assay kit; Bio-Rad). Western blotting was performed as described previously, 13 using primary antibodies against acetyl-histone H3 (1:1000; Cell Signaling Technology, Inc, Danvers, MA) and GAPDH (1:40000; Sigma-Aldrich) and an appropriate horseradish peroxidase-conjugated secondary antibody. Densitometric results were analyzed with an LAS-1000 device (Fujifilm, Tokyo, Japan) using a chemiluminescent image analyzer. The digitized signals were quantified with Multi-Gauge image analysis software (Fujifilm).
3-(4,5-Dimethythiazol-2-yl)22,5-Diphenyltetrazolium Bromide Assay for Cell Viability The cytotoxicity of sodium butyrate and ultrasound was assessed in fibroblasts by the 3-(4,5-dimethythiazol-2-yl)22,5-diphenyltetrazolium bromide (MTT) assay (Cell Proliferation Kit I; Roche, Basel, Switzerland) according to the manufacturer's instructions. Briefly, 300 lL of an MTT solution was added per plate to fibroblasts treated with sodium butyrate for 3 hours with or without ultrasound and an additional LPS stimulation for 1 hour. Fibroblasts were further incubated at 378C in a humidified atmosphere containing 5% carbon dioxide for 4 hours. After this period of incubation with MTT, a solubilizing solution was added and incubated overnight. Quantification of formazan crystals was performed on an enzyme-linked immunosorbent assay microplate reader at 595 nm with a reference wavelength of 655 nm.
Statistical Analysis
The data are expressed as mean 6 standard error of the mean. Differences were considered statistically significant at P < .05, as determined by a 1-or 2-way analysis of variance (ANOVA) followed by the Tukey-Kramer post hoc test.
Results
The Combination of Low-Concentration Sodium Butyrate and Low-Intensity Ultrasound Irradiation Enhanced Histone Acetylation Sodium butyrate alone failed to enhance histone acetylation, but the combination of sodium butyrate and 0.1-W/cm 2 ultrasound irradiation in the pulsed or continuous mode significantly enhanced histone acetylation ( Figure 1A) . Meanwhile, treatment with ultrasound alone did not alter histone acetylation ( Figure 1B ).
Fibroblasts Pretreated With Sodium Butyrate and Low-Intensity Ultrasound Did Not Increase IL-6 Expression by LPS Stimulation
The expression level of IL-6 messenger RNA (mRNA) increased after 1 hour of LPS stimulation in fibroblasts (Figure 2A) . Although the pretreatment with sodium butyrate alone failed to decrease the expression level of IL-6 mRNA in fibroblasts, the pretreatment with sodium butyrate plus low-intensity ultrasound in the pulsed or continuous mode could achieve a decrease of IL-6 mRNA expression (Figure 2A ). The pretreatment with sodium butyrate (Figure 2A ) or low-intensity ultrasound ( Figure 2B ) alone did not show a significant decrease against LPS stimulation. Although we evaluated inhibitory effects on IL-6 mRNA expression after 3 or 24 hours of LPS stimulation, the effects of butyrate alone and those of the combination of low-intensity ultrasound and butyrate were equivalent.
Lipopolysaccharide, Sodium Butyrate, and Ultrasound Did Not Decrease Cell Viability Cell viability did not decrease by the administration of LPS, sodium butyrate, or continuous or pulsed mode Figure 1 . Effects of sodium butyrate (SB) and pulsed ultrasound (PU) and continuous ultrasound (CU) irradiations on histone acetylation in human dermal fibroblasts. Fibroblasts were exposed to butyrate for 3 hours with ultrasound (A) or ultrasound alone without butyrate (B). Data from 4 independent experiments were used to calculate mean values and standard errors of the mean. *P <.05 versus control (CON) cultures (1-way ANOVA followed by the Tukey-Kramer post hoc test); a.u. indicates arbitrary unit. Figure 2 . Effect of sodium butyrate (SB) and pulsed ultrasound (PU) and continuous ultrasound (CU) irradiations on IL-6 expression in human dermal fibroblasts stimulated by LPS (L). Fibroblasts were exposed to butyrate for 3 hours with ultrasound irradiation (A) or ultrasound irradiation alone without butyrate (B), and thereafter, they were treated with 1.0-lg/mL LPS for 1 hour. Data from 4 independent experiments were used to calculate mean values and standard errors of the mean. *P <.05 versus control (CON) cultures; # P <.05 versus LPS cultures (1-way ANOVA followed by the Tukey-Kramer post hoc test). ultrasound 1 hour after LPS stimulation according to trypan blue staining ( Figure 3A ) and the MTT assay (Figure 3B) . Absolute viability measurements by trypan blue staining were greater than 97%, and significant differences were not observed among all treatments.
Continuous Ultrasound Suppressed the Temperature Decrease of the Culture Medium
Although the culture medium temperature decreased after ultrasound irradiation for 20 minutes (Figure 4) , the temperature of the pulsed mode ultrasoundirradiated culture was slightly higher than that of the non-ultrasound-irradiated control culture (Figure 4) . Furthermore, continuous mode ultrasound suppressed the temperature decrease of the culture medium ( Figure  4 ), resulting in a higher culture medium temperature than that of the control or pulsed mode ultrasoundirradiated culture (Figure 4 ).
Discussion
The novel findings of this study were as follows: (1) the combination of sodium butyrate and ultrasound significantly increased histone acetylation in fibroblasts, although sodium butyrate alone could not increase histone acetylation; (2) this combined treatment significantly suppressed the IL-6 mRNA expression level, although the treatment with sodium butyrate alone could not suppress the IL-6 mRNA expression in fibroblasts; and (3) these effects were achieved with both 20% pulsed and continuous ultrasound but not observed with ultrasound treatment alone. To our knowledge, this study has first revealed the facilitative effects of the combination of low-intensity ultrasound and the HDAC inhibitor sodium butyrate on histone acetylation and the following anti-inflammatory effects.
No impact on histone acetylation by ultrasound has been previously reported. In addition, no change in histone acetylation was observed by low-intensity ultrasound irradiation alone in this study. Meanwhile, the low-intensity ultrasound treatment enhanced the histone acetylation in fibroblasts when treated with a low concentration of sodium butyrate. These results suggest a synergistic effect of a low concentration of sodium butyrate and low-intensity ultrasound and the promotion of sodium butyrate action as an HDAC inhibitor by lowintensity ultrasound. Sodium butyrate has been reported Figure 3 . Cell viability. Fibroblasts were exposed to sodium butyrate (SB) for 3 hours with pulsed ultrasound (PU) or continuous ultrasound (CU) irradiation, and thereafter, they were treated with 1.0-lg/mL LPS (L) for 1 hour. Viability was measured by trypan blue staining (A) and an MTT assay (B). Data from 4 (A) or 3 (B) independent experiments were used to calculate mean values and standard errors of the mean. Significant differences were not observed among all treatments (1-way ANOVA followed by the Tukey-Kramer post hoc test); CON indicates control. Figure 4 . Culture medium temperatures before and after ultrasound irradiations. Fibroblasts were irradiated with pulsed ultrasound (PU) or continuous ultrasound (CU) for 20 minutes. The culture medium temperature was measured just before and after ultrasound irradiation. Data from 4 independent experiments were used to calculate mean values and standard errors of the mean. *P <.05 versus cultures before ultrasound respectively; # P <.05 versus cultures after ultrasound (2-way ANOVA followed by the TukeyKramer post hoc test); CON indicates control.
to exert anti-inflammatory effects via histone acetylation. 2 The increased histone acetylation as well as the decreased expression of IL-6 mRNA in dermal fibroblasts in this study were in agreement with the data reported by Grabiec et al, 14 showing an increase of histone acetylation and suppression of IL-6 mRNA expression 4 hours after administration of trichostatin A, a potent HDAC inhibitor, in IL-1b-stimulated fibroblastlike synoviocytes. Short-chain fatty acid receptors, such as G-protein-coupled receptors 41 and 43, are expressed in adipocyte or immune cells 15 but have not been reported in fibroblasts. Therefore, it is likely that the IL-6 mRNA inhibition observed in this study was due to promotion of histone acetylation rather than activation of a G-protein-coupled receptor by a low concentration of sodium butyrate and ultrasound. To further elucidate this mechanism, additional experiments using a Gprotein-coupled receptor inhibitor are required.
Since an HDAC inhibitor exerts its action by binding the HDAC in the nuclei, 1 it is reasonable to assume that the observed effect was the result of butyrate induction into the cytoplasm or nuclei by ultrasound. Highintensity ultrasound enhances the transfer of macromolecules into the cytosol by hole production in the cell membrane by acoustic cavitation, [6] [7] [8] and a higher duty cycle exerts stronger effects than a lower duty cycle during sonoporation. 16 However, both continuous and pulsed mode low-intensity ultrasound significantly enhanced histone acetylation in sodium butyrate-treated fibroblasts, and their effects on the inhibition of IL-6 mRNA expression were equivalent in this study. Given the discrepancies in the intensities used and the dependence on duty cycle, the promotion of sodium butyrate action was likely induced by a different mechanism from that of macromolecule delivery. Several protein families, including monocarboxylate transporters, a putative anion transporter, formate nitrite transporters, and aquaporin water channels, have been reported to be involved in transmembrane transport of monocarbonic acids such as butyrate. [17] [18] [19] Lim et al 20 reported the reduction of gramicidin D-induced red blood cell edema by lowintensity ultrasound through aquaporin water channel 1 regulation. Since noncavitational ultrasound such as the low-intensity ultrasound used in this can alter the structure of a 2-lipid bilayer membrane, 21 this mechanical property would affect the function of these transporters and channels, resulting in the induction of transmembrane transport in sodium butyrate. Although further detailed experiments are needed to clarify this mechanism in butyrate-treated fibroblasts, the efficiency of the 20% pulsed mode as well as the continuous mode suggests that this effect is due to the mechanical properties of ultrasound rather than thermal change caused by ultrasound, and diagnostic ultrasound, which operates at a low duty cycle, 9 may be used for sodium butyrate induction.
Although the inhibitory effects on IL-6 mRNA expression were stronger after the combination treatment of butyrate and ultrasound than butyrate alone 1 hour after LPS stimulation, these effects were equivalent between the combination treatment and butyrate alone 3 and 24 hours after LPS stimulation. In the study by Gonçalves et al 17 using Caco-2 cells, the uptake of lowconcentration butyrate into cells was slower than that of high-concentration butyrate, and the uptake volume continued to increase at 30 minutes, whereas highconcentration butyrate was quickly incorporated into cells, and further uptake was not observed after 3 minutes of incubation. Therefore, ultrasound likely accelerated the slow uptake of low-concentration butyrate 1 hour after LPS stimulation. Meanwhile, the uptake volume of low-concentration butyrate also did not increase after a long incubation as well as that of highconcentration butyrate. 17 Therefore, incubation for 3 or 24 hours after LPS stimulation would be sufficient for maximum volume uptake in 1-mmol/L butyrate. This time-dependent effect is easily observed in vitro because of constant exposure to sodium butyrate in the culture medium. However, the concentration in blood would not remain constant. Hence, an active mechanism to accelerate desired effects is clinically important.
This study revealed the facilitative effects of ultrasound on the action of the HDAC inhibitor sodium butyrate. Additional studies using other HDAC inhibitors and evaluating the effects of multiple ultrasound treatments are needed to further develop a clinical application.
